We report the results of a seismic tomography experiment which images the three-dimensional nature of the crustal melt delivery system beneath a segment of the slow-spreading Mid-Atlantic Ridge. In the lower crust ( s 3.5 km depth) near the segment center, inversion of first-arriving crustal P-waves reveals a pair of vertical pipe-like ( 6 10-kmdiameter) low-velocity anomalies (30.4 km/s). In the upper crust, these two features, which are physically isolated from each other below 3 km, both connect to a 10-km-wide, 45-km-long, axis-parallel, low-velocity zone (30.2 km/s). Three higher-amplitude low-velocity anomalies (30.6 km/s) are observed in the upper crust ( 6 2 km depth), and are located directly beneath seafloor volcanic features. We interpret the overall image to represent the thermal/melt signature of a magma feeding system in which focused injections of magma from the mantle travel upward until they intersect the brittle-ductile transition, where they are then diverted along-axis to supply shallow intrusive bodies and seafloor eruptions along much of the ridge segment. ß
Introduction
At slow-spreading ridges such as the Mid-Atlantic Ridge (MAR), along-axis variations in crustal thickness, both inferred from gravity data [13 ] and measured seismically [4^8] , con¢rm that crustal accretion is axially variable with increased melt £ux near the centers of individual spreading segments [9, 10] . These observations may be explained by a variety of mantle £ow/melt extraction models [1,2,11^15] which share a common prediction that the time-averaged magma £ux is focused at depths below the Moho and preferentially delivered to the center of each segment. However, previous studies have not addressed whether magma, which is initially focused toward the segment centers, is redistributed at crustal depths. We present the ¢rst three-dimensional images of a crustal magma plumbing system beneath a slow-spreading ridge, extending from a region of focused melt £ux in the lower crust, to a more distributed pattern in the mid-to-upper crust, and ¢nally to intrusions beneath individual volcanic features. On the basis of our results, we conclude that the characteristics of the magma plumbing system at crustal levels are governed by the interactions between ascending magma and tensional lithospheric stress.
Study area
In November 1996, we conducted a seismic Pwave tomography experiment, centered on a wellstudied segment of the MAR (Fig. 1) . The study area is a 50U44 km 2 region covering the central section of the 90-km-long spreading segment, bounded to the north by the Oceanographer transform and to the south by a 35-km-long non-transform o¡set. Near its center, this segment displays shallow axial depths, a poorly developed rift valley, several near-axis seamounts [16] , recent volcanism [16] , a large gravity anomaly low [3] and thickened crust [4, 7, 8] . A previous microearthquake and upper-crustal tomography experiment also revealed a relatively shallow inferred depth to the brittle-ductile transition (3^4 km) [17] and an upper-crustal magma body beneath a near-axis seamount [18] . These characteristics have been attributed to a high heat £ux, resulting in elevated crust and mantle temperatures, and thus a thin lithosphere [2, 19] . The center of the 35³N segment therefore typi¢es a`hot' section of a slow-spreading ridge.
Our experiment used nine ocean bottom hydrophones to record 2684 airgun shots (Fig. 1) . The seismic source was the 20-gun, 8495 cu. in. airgun array of the R/V Ewing. The experimental geometry provides good three-dimensional ray coverage and identi¢able arrivals at source-receiver ranges as large as 45 km. Our analysis includes delay times from 16 766 crustal P-wave arrivals (hand picked). Sample record sections are shown in Fig. 2 . These two cross-axis record sections show the data quality and character in two contrasting locations: where the crust is relatively thick (Fig. 2a) and where it is relatively thin (Fig. 2b) . In both record sections, the ¢rst-arriving crustal (Pg) phases can be con¢dently picked out to where they are overtaken by the mantle refraction (Pn) phase (at 42 km where the crust is thick in the center of the segment, and at 27 km where the crust is thinner to the south). Only arrivals which turn within the crust (Pg) are used in the current analysis. The record sections also show the contrast between the unattenuated arrivals at the southern end of the study area (Fig.  2b ) and the attenuated arrivals for ray paths traveling though the lower crust in the segment center (Fig. 2a) . The Pg data provide three-dimensional ray coverage down to depths of 5.5 km below the sea£oor, but do not penetrate the moho which occurs at a depth of 6^8 km in this region [7] .
Tomographic method
We use a non-linear tomographic method [20] to invert ¢rst-arriving P-wave travel times for the isotropic velocity structure. For the forward problem, the seismic velocity model is de¢ned within a 50U44U6 km 3 volume at intervals of 250 m and 200 m in the horizontal and vertical directions, respectively. The ray-tracing method includes the e¡ects of sea£oor relief by shearing the grid vertically and, further, by interpolating the ray-entry points onto a 100 m grid (see references [18, 20] for details). Estimated uncertainties include: ray tracing within the crust (5 ms), shot/receiver posi-C Fig. 1 . Geometry of the tomographic experiment. The locations of the nine ocean bottom hydrophones (squares) and 2684 airgun shots (small dots) are shown. Bathymetry is contoured at 200 m, with grayscale changes every 400 m. The location of the NW axial ridge is indicated by the dashed white line and the positions of the 36³23PW and 36³28PW volcanoes are shown. The experimental coordinate system is rotated clockwise 15³ with respect to north and its origin is at 34³52.5PN and 36³25.0PW. The shots and receivers included in the central (Fig. 2a) and southern (Fig. 2b) record sections are shown in white. Inset: The study area is a 50U44 km 2 region covering the central section of the 90-km-long spreading segment. Contour interval is 800 m. Spreading is perpendicular to the trend of the axial valley with a half-rate of V1.2 cm/year [35] . This segment displays an hourglass-shaped rift valley, with along-axis topographic relief of 1.5^2 km between the segment midpoint and segment ends. tion (6 ms) calculated from the water-wave relocation algorithm (method described in reference [21] ), bathymetry at the ray-entry points (5 ms), and arrival time picking (15 ms), resulting in a prior root-mean-squared (RMS) uncertainty of 18 ms for the travel-time data. See [18] for a more detailed discussion of estimating errors.
The inversion method uses a separate perturba- Fig. 2 . Rise-perpendicular record sections. Locations of pro¢les are shown in Fig. 1 . Each section has been corrected for topography and plotted with a reduced velocity of 7 km/s. Crustal refraction (Pg) picks used in the analysis are shown in gray, with 15 ms (one standard deviation) uncertainties shown. At greater ranges the ¢rst-arriving phase is the mantle refraction (Pn), shown in black with no error bars, which were not included in the present analysis. Ranges are positive to the east. a: A cross-axis record section in the central portion of the segment where the crust is thick (V8 km [7] ); Pg ¢rst arrivals extend to 42 km range. Note that the amplitude of the ¢rst arrival is attenuated at ranges greater than V24 km, consistent with a low-velocity region beneath the center of the segment. b: A cross-axis record section at the southern edge of the experimental region where the crust is relatively thin (V6 km [7] ); crustal arrivals only extend to 27 km in range. In comparison with a, the arrivals are not attenuated. tional model de¢ned on a grid with 1 km horizontal and 400 m vertical spacing. The inverse problem is regularized by minimizing the model roughness at each iteration and a stochastic penalty function. The decay length of the smoothing operator is set at 110% of the interval between the perturbational nodes and the variance for a model parameter is 20%. Inversions without the damping condition do not produce signi¢cantly di¡erent results.
The data are ¢rst inverted to obtain the best¢tting one-dimensional velocity model (Fig. 3a) which is then used as the starting model for all future inversions. For the three-dimensional solution, we invert the travel times under a variety of smoothing weights (over 40 individual inversions). For each set of conditions ¢ve iterations of the inverse problem are completed, at which point additional iterations do not result in a signi¢cant reduction in RMS travel-time residuals. (Based on an F test criterion, a change of 6 1 ms is not signi¢cant at the 95% con¢dence level). In all cases the overall features are similar. None of the perturbations to the one-dimensional model are large enough to cause velocities to decrease with depth. Our preferred solution is the smoothest one which explains the data to the expected level of uncertainty, and results in an RMS reduction in travel-time residuals from 80 ms (the onedimensional solution) to 18 ms.
Results
A prominent feature of the tomographic image (Figs. 3 and 4) is a V10-km-diameter low-velocity anomaly (30.4 km/s) region near the segment center, and at depths greater than 4 km below the inner-valley £oor. Lower-crustal velocities increase rapidly to the north, and somewhat less rapidly to the south, of this anomaly. Above 4 km depth a second narrow and sub-vertical (V10-km-diameter) feature is also resolved, still near the segment center, but slightly south of the ¢rst anomaly. Shallower than 3 km these low-velocity anomalies merge with an axis-parallel lowvelocity (30.2 km/s) band which approximately underlies, but is narrower than, the axial valley (Fig. 1) . Above 2 km depth, three discrete lowvelocity anomalies (30.6 km/s) are observed. Two of these correlate with volcanoes located near 36³28PW and 36³23PW (Fig. 1) . The third anomaly lies beneath an axis-parallel volcanic ridge referred to as the NW Axial Ridge (Fig. 1) . These anomalies are much smaller in amplitude than the 32.0 km/s anomalies associated with the axial magma chamber at the East Paci¢c Rise [22] .
Resolution tests
We have performed resolution tests to con¢rm that the data require the following features : a small-diameter, central, low-velocity anomaly at depths of 5 km, an axis-parallel structure at depths less than 3 km, and localized, low-velocity anomalies above 2 km depth which extend upwards to within 1 km of the surface. For each test, synthetic travel-time data were generated by three-dimensional ray tracing through a known velocity structure. Gaussian random noise with a standard deviation of 18 ms was added to the synthetic data. We then analyzed the synthetic data using the same initial velocity model and smoothing constraints as the preferred solution, to give the recovered velocity structures shown in Figs. 5 and 6.
Resolution tests show that lateral variations in the thickness of a near-surface, low-velocity (V2.5 km/s) layer (i.e. seismic layer 2a) are de-C Fig. 4 . Three-dimensional views of the crustal low-velocity anomalies. a: View is looking down on the model and toward the north-west. b: View is toward the east from a lower angle. The top of the tomographic image, above 1 km depth, has been removed to allow viewing of the shallow anomalies. The orange and red surfaces represent velocity anomalies of 30.3 and 30.5 km/s, respectively. A perspective view of the bathymetry is included and the vertical black lines show the association of the three upper-crustal anomalies with the 36³28PW and 36³23PW volcanoes and the NW Axial Ridge (see Fig. 1 ). Fig. 5 . Layer 2a resolution tests. Synthetic data were created for a velocity structure based on our best-¢t 1d starting model (shown in Fig. 3a) , modi¢ed to include a 400-m-thick layer 2a with a seismic velocity of 2.5 km/s (the velocity jumps to 5.0 km/s at the base of this sur¢cial layer). The input velocity structure also included six patches (located both on and o¡ axis) in which the layer thickness is doubled to 800 m (a). The input anomalies therefore have an amplitude of 32.5 km/s and extend from 400 m to 800 m depth. Horizontal slices through the recovered structure (achieved with our tomographic inversion procedure and a ray set identical to that of the actual data) show that the horizontal extent of the anomalies is well resolved, but they are smeared vertically, up to the surface and down to about 1.4 km depth. Contour interval is 0.2 km/s; darker grays indicate more negative anomalies. Both the amplitude and extent of the anomaly are well recovered, and can clearly be di¡erentiated from an axially continuous anomaly. e: Shallow low-velocity volumes of amplitude 31.2 km/s. Each volume extends from 0.8 to 2.0 km depth. f: The horizontal extent of each anomaly is well recovered, although we ¢nd that the anomalies are smeared downward by V500 m and upward to the sea£oor. This is accompanied by an under-estimation of the anomaly magnitude by s 50% (maximum recovered amplitude is 30.5 km/s). See text for further discussion. tectable given our ray set. Seismic re£ection pro¢les in our study area have determined one-dimensional shallow (to depths of 800 m) velocity structures for 11 locations, ranging in age from 0 to 1.9 Ma [23] . Ray tracing through these structures we ¢nd a maximum 1-way variation of 20 ms for vertically propagating P-waves. Recognizing that these pro¢les may underestimate the regional variability in layer 2a, we tested the sensitivity of our ray set to a much larger (80 ms) variation, corresponding to the doubling of layer 2a thickness from 400 m to 800 m (Fig. 5) . The horizontal extent of layer 2a thickness variations is well resolved, a result consistent with previous tomographic studies which have imaged layer 2a [24] . Since our ray paths are near vertical in the shallow ( 6 1.5 km) crust, the recovered anomalies are smeared vertically over this interval. Nonetheless, the largest velocity perturbations are con¢ned to depths above 800 m, and the maximum depth of velocity smearing is only 1.4 km. If layer 2a thickness varies by 50% (200 m) instead of 100%, the recovered anomalies are una¡ected below 1 km depth. Based on these results, we conclude that even relatively large variations (400 m) in seismic layer 2a thickness cannot explain the velocity anomalies we observe below 1^1.5 km depth.
Resolution in the lower crust ( s 3 km) is very good and is not a¡ected by anomalous structures located at shallower depths (Fig. 6) . We can clearly distinguish between a narrow, pipe-like feature and a deep, along-axis band of anomalous velocities (Fig. 6a^d) . In the upper to middle crust (1^3 km), our horizontal resolution is also very good, and we can resolve anomalies of approximately 5 km diameter (Fig. 6e^f) . As in the layer 2a tests (see Fig. 5 ) downward smearing of V500 m is observed, along with smearing upward to the surface. As a result, we can constrain the base of shallow (1^2 km depth) low-velocity anomalies to within V500 m, but can only constrain the top of these anomalies to lie within 1 km of the surface.
Since tomography is a damped inversion technique, anomaly amplitudes are often underestimated. For the current data set, this phenomenon is prevalent in the shallow crust ( 6 2 km depth) where anomalies are aliased vertically. For example, compared to a study with a higher ray path density [18] , the anomaly we recover beneath the 36³28PW volcano is lower in peak-to-peak amplitude (30.6 compared to 31.4 km/s) and broader (5 km east-west compared with 3 km). Also, we have insu¤cient vertical resolution to di¡erentiate between moderate-amplitude anomalies which extend throughout the upper crust (30.6 km/s from 0 to 2.5 km depth) and higher-amplitude anomalies with a more limited vertical extent (31.2 km/s but a depth range of only 0.8 to 2.0 km). However, Barclay et al. [18] are able to place the top of the anomaly beneath the 36³28PW volcano in the top 1 km of the crust. By analogy, this suggests that the other upper-crustal ( 6 2 km depth) anomalies we observe may be larger in amplitude and smaller in size, particularly in the vertical direction, than we have imaged.
Interpretation
Most of the observed low-velocity anomalies (Figs. 3, 4 ) are likely to be the result of anomalously high temperatures and/or small amounts of partial melt. For the higher-amplitude (30.6 km/ s) anomalies in the upper crust ( 6 2 km depth), this interpretation invoking higher temperatures and/or retained melt is further suggested by the small size and ellipsoidal shape of the observed anomalies. The constraint that one of the anomalies does not reach the sea£oor [18] , the correlation of the three upper-crustal anomalies with localized, constructional, volcanic features, and their connection with low-velocity anomalies in the deeper crust also favor an interpretation that attributes the seismic anomalies to anomalously high temperatures and/or the presence of melt. This interpretation is not inconsistent with the observation of nearby microearthquakes [17] , an occurrence which is often associated with volcanoes. For example, at the Kra£a volcano in Iceland, microearthquakes are observed both above and below a crustal magma chamber [25] .
We do note that P-wave velocity reductions of 30.2 to 30.6 km/s can also be explained by porosity variations of 1^5%, depending on the shape of the voids [26] . Therefore, cracks which close as crust moves o¡ axis may explain the 30.2 km/s axial low-velocity band observed at approximately 3 km depth. However this 30.2 km/s velocity anomaly may also be explained by an axial temperature of 600³C (relative to 200³C slightly o¡ axis as discussed below). Since 600³C is expected to be below the brittle-ductile transition [27] , a thermal origin for the along-axis band is not inconsistent with the microearthquakes observed to depths of about 3.5 km [17] . Our data cannot di¡erentiate between these two possibilities. However, while porosity may contribute to the 30.2 km/s axis-parallel low-velocity zone at V3 km depth, lithostatic pressure and ductile £ow are likely to close cracks and pores in the lower crust. Consequently, the anomalies observed below about 3 km most likely have a thermal/melt origin.
To convert velocity anomalies to variations in temperature and melt, we assume a P-wave velocity reduction of 30.5 m/s/³C at temperatures below 1000³C, 32.0 m/s/³C at temperatures above 1000³C (near the solidus) [28^29], and an upper-crustal ambient temperature of 200³C (an average of that calculated by Shaw and Lin [30] for depths shallower than 3 km at the center of a northern MAR segment). Anomalies of 30.3 and 30.7 km/s correspond to temperatures of 800 and 1150³C respectively. Since this highest temperature likely exceeds the solidus (V1100³C), a portion of the largest low-velocity anomalies (30.7 km/s) in the upper ( 6 2 km depth) crust is likely due to small amounts of partial melt. A supersolidus velocity reduction of 30.2 km/s requires 1^4% melt, depending on its distribution [31] . Since tomographic methods generally underestimate the amplitude of an anomaly, and our available ray set is prone to aliasing anomalies vertically in the shallow crust ( 6 1.5 km depth), all three of the upper-crustal ( 6 2 km depth) lowvelocity features we image may contain several percent partial melt. At depths of 5 km, an ambient crustal temperature of 1000³C may be more appropriate [30] . Thus, even the relatively modest anomalies (30.4 km/s) observed in the middle to lower crust are consistent with small percentages of melt.
Discussion
We interpret our imaged velocity anomalies as representing a combination of increased temperatures and retained melt left behind by magmatic intrusions in a crustal magma plumbing system. In this view, Figs. 3 and 4 show a central region of current or recent lower-crustal magma injection which then spreads out along-axis at middle-and upper-crustal depths, to supply individual magma bodies and/or surface eruptions. The agreement between the depth of this transition (in the character of the low-velocity anomalies) and that of the inferred brittle-ductile transition (V3.5 km based on the maximum depth of observed microearthquakes [17] ) suggests that the behavior of magmatic intrusions is controlled by crustal rheology. We propose that magma which is focused before reaching the lower crust then travels vertically through a ductile region in pipe-like features, following the high-temperature, low-strength pathway left by previous upwelling events. Upon reaching the base of the lithosphere, the magma interacts with extensional tectonic stresses and propagates along-axis through the brittle layer both laterally and vertically as dikes.
The continuity of the central low-velocity features with the mid-crustal (3 km depth) along-axis low-velocity anomaly suggests that this 44 km section of the ridge (and possibly the entire 90-km-long segment) is fed from a source region only V25 km wide. We infer that the northern central conduit feeds the central volcano near 36³28PW, as well as the larger axial volcanic ridge to the north. The secondary conduit may similarly feed anomalies toward the south. We cannot rule out the possibility of lower crustal magmatic intrusions at other positions along the segment. However, since dikes at mid-ocean ridges have been observed to reach lengths of 60 km [32] , it is reasonable to suggest that the entire segment could be fed from a single injection region located near the segment center. Such a system of magma injection may be similar to the central volcanoes observed in Iceland [33] and Hawaii [34] .
The regions of anomalously low seismic velocity are unlikely to be the result of a single intrusion. Instead, we suggest that the low-velocity anomalies represent the time-integrated result of a number of injection episodes. Thus, if focusing of melt at mantle depths tends to homogenize magmas, our results indicate that upper-crustal intrusions may become chemically isolated in space or time. These intrusions may therefore undergo shallow fractionation and create a variety of basalt compositions before eruption onto the sea£oor. Although we cannot address the question of solid-state mantle £ow, our results are inconsistent with a hypothesis that crust is emplaced vertically at slow-spreading ridges. We provide evidence of enhanced magma £ux at the center of an individual spreading segment, followed by along-axis magma transport at lithospheric depths, and conclude that observed variations in crustal thickness and structure are due, at least in part, to three-dimensional melt £ow within the oceanic crust.
